The problem of dynamic buckling or nonlinear response of shell like structures has been widely discussed in the past few years. The question of dynamic buckling is of concern since this phenomenon is associated with a large change in the structural response with a small change in the loading conditions. This change of response character with load is similar to the stability problem of static loading and hence the name dynamic buckling has often been adopted. However, since the loading and response are functions of time, the anelogy is not quite complete. This has led to a variety of definitions of dynamic buckling.
As a result of the interest in this problem, much work has been done to determine simplified methods of finding the critical loading conditioiis without resorting to a direct solution of the time dependent nonlinear partial differential equations. This has led to methods of determining the relation between the static and dynamic buckl;ng load for step loading (Refs. 1 and 2). Methods depending upon energy balances hizve also been developed (Refs. 3 and 4).
The shallow arch has been chosen as a model for many of these analytical studies. This rather simple structure has all of the nonlinear characteristics of much more complicated shell structures.
A wide variety of this nonlinear behavior can be exhibited by changing the end conditions, loading or geometry of the arch.
From an experimental point of view, the clamped arch is the most practical problem when dynamic loading is used. Other boundary conditions are very difficult to duplicate in the laboratory. 
Test Specimens
The equations that describe the motion of a shallow arch show that the circular arch can be characterized by one nondimensional parameter called 'Y in this report (See Figure 1) .
For all of the arches tested, the thickness was held constant and the same nominal radius of curvature was used.
The specimens were cut from 1/16 inch thick 2024 aluminum sheet, and were trimmed by the milling machine to 3/4 inch wide.
The strips were then rolled to approximately 30 inches radius in a three-roll roller. The radius was rough checked using a template.
After rolling, the arches were heat treated. Tensile tests on curved specimens cut from the arches gave a Young's Modulus of 10. 5 x 106 lb/in 2 and a proportional limit above 45, 000 lb/in .
The arches are mounted into a heavy steel frame for testing.
The ends are secured using Devcon B. An arch mounted in the frame is shown in Fig. 2 . The calibration of the impulse generated by this explosive was carried out on a ballistic pendulum. The explosive was deposited evenly on a 2 inch square steel plate and attached to the end of the pivoted arm of the pendulum. The calibration curve of impulse vs.
weight is shown in Fig. 3 . The offset from the origin is due to the 5 friccion at the pivot point. From this data an impulse levei of 0.152 lb-sec/in (6.75 x 104 dyne-sec/cm2 was calculated. This is gm/in gm/cm about 3. 6 per cent lower than previously found in reference 7.
Initial Imperfection Measurement
A pendulum like apparatus was built to measure imperfections of the arch. It consisted of a fixed center and rotatable arm which can be adjusted in length. A dial indicator with a working range of 0. 060 inches was installed at the tip of the arm (See Figure 4) .
The measurement was made by first adjusting the arm to the appropriate radius then pressing the concave side of the arch gently against the dial gauge. Starting from one end of the arch the dial gauge readings were taken at half inch interval along the arch until the dial gauge could not advance another full step. 'Ihis gave the deviation of the arch shape from the preset radius. Applying the "Least Square
Method" to the measured data the "best fit radius" and the "best fit imperfection" can be found.
Before the arches were mounted on the supports the imperfections were measured. Only those arches with imperfection amplitude less than five thousandth of an inch were used. Also, they were cut from longer ones so that the selected sections had a minimum amount of asymmetric imperfection. When the arch was mounted and the Devcon was hardened, the arch shape was measured again to make sure that it had not been excessively deformed due to the process of mounting. To eliminate as much distortion as po, sible, the camera was placed at least 7 feet away. A 400 foot roll of Kodak Tri-X negative (ASA rating of 400) of standard thickness (0. 006 inches) was used for each test shot. However, the desired framing rate of 10, 000 pictures per second was only obtained on the last 100 feet of film. The exact framing rate was determined by a timing light which exposed a small dot of light on the edge of the film every 1/1000 of a second.
Response Measurement
A detailed deflection history of the arch motion was obtained by reading the film frame by frame. The film was projected using a 500
watt slide projector on a mirror at a distance of about 15 feet. The image was reflected to a screen ruled with 21 equally spaced lines (Fig. 6) . The distance to the mirror was adjusted until the arch iniage from support to support fix exactly on the twenty equal division on the screen. The lines then serve as the X coordinate for the arch.
The Y distance was measured using a stretched wire perpendicular to the X lines. This wire was attached to a moving slide whose position was measured by a linear potentiometer. The wire was carefully moved to each intersection of the arch image and the lines ruled on the screen. The potentiometer reading was automatically recorded on punched cards for digital computer reduction. Approximately 50 frames were read for each test covering about 10 milliseconds of motion.
Test Procedure
When a particular value of -t has been selected the arch was cut to the appropriate length. The surface of the arch was then 
III. TEST RESULTS
A total of 11 tests were recorded 3y the high speed camera.
These tests were divided into two groups. Group B had a geometric parameter close to 10 and for group C, Y was close to 20. The dimensions are listed in Table I Table II and are shown in Fig. 7 as a function of the nondimensional impulse Y. This figure shows that the arch exhibits a large increase in maximum response over a rather small range of impulse level. The maximum rate of change of response (the inflection points for the faired curves in Fig. 7) are at an impulse level T of 9 and 22 for y equal to 10 and Z0 respectively. It is interesting to note that these points are close to the point of average displacement equal to one, which was used by Humphreys (Ref. 5) to define the critical load. However, they are about 6-7 times as high as Humphreys' experimental results.
The reason for this is not known at this time.
In order to get a more quantitative picture of the arch deformation, a three mode approximation to the deformed shape was calculated.
10
The representation used is as follows:
The coefficients were determined by using a "Lease Square Fit" of the experimental data from the high speed pictures. The time history of the three modes is shown in Fig. 8 for a typical test. The trajectories in a ql, q 3 space can also be displayed. Figure 9 shows a supercritical and subcritical response for each group of arches. The line of average displacement equal to one is also shown in the figures.
In addition to the dynamic test results described above, an attempt was made to determine the static equilibrium positions of the clamped arch. This is of interest since the existence of these positions is a requirement in an energy approach to determining the dynamic buckling loads. These tests were carried out by pushing the arch through to a large displacement configuration by hand and attempting to find a position where it would stay. This was unsuccessful for the
IV. CONCLUSION
The experimental work on the impulsively loaded clamped arch shows that the maximum response has a significant increase in value for a small increase in load at some value of impulse. It would appear for the data available that this increase is a smooth It is of interest to note that this problem is like the one of direct snapping as categorized by Lock (Ref. 12) . In other words the structure reaches its maximum displacement on the first oscillation of the fundamental mode. This can be seen from the response plot ( Fig. 8 ) combined with the trajectories (Fig. 9 ). An examination of the nonsymmetric response shows that it does not appear to be parametrically excited by the symmetric mode as is characteristic of indirect snapping.
In summary, while no evidence has been found that the clamped circular arch under impulse loading can be rigorously categorized as a dynamic buckling problem, it is clear that over a small range in impulse the arch undergoes a significant increase in response. It is therefore of practical significance to determine this range of impulse. In addition, it was experimentally determined that no stable equilibrium position exists for the clamped arch free from lateral load other than the undeformed position. Also, the existence of an unstable equilibrium position was not detected. Clamped circular aluminum arches have been explosively loaded using a spray deposited light ignited explosive (Silver Acetylide-Silver Nitrate). Using high speed photography and computerized data reduction, a detailed time history of the arch deflection has been obtained. This deflection was fitted with mode shapes in order to display the motion graphically. The experimental data shows that the clamped arch does not have a jump in response with increasing load level, but a transition from small displacement response to a large displacement response over a sizable range of load level.
DD -.. 1473
UNCLASSIFIED SecurHtt Clat:I ficatlon
